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An analysis was made cd? the flow conditions downstream of a 
0a6=ae d tmb rotor blade6 at dti~81 and 6uperdtid pee- 
sure ratios. The results of five theoretical methods for determti- 
ing the deflection angle are oceapared with those of an experimental 
method using the oonservation-of-momentum principle aaB atatic- 
pressure surveys, and also are 0-a with an analyeia & sahlie- 
ranphotographs of theflowdownstresmaf theblades. Atwo- 
dimanai~nal; csscaae CCC SIX blades with an arLaltidth ap 1.80 inohes 
was used for the atatio-peasure surveys and for sxue af the schlie- 
ren photogzxtphs. In order to determine the flow oonditions several 
blade chords downstresmofthe oascade, sohlierenphotographswere 
takenof theflowthrougha cascade CS 38 bladeshavinganaxial 
width of 0.60 inch. 

For the blade aesiep studied, e'vm at static-to-total pressure 
, ratios considerably lower than that required to give critical veloc- 

ity at the throat section, the flow was deflected in the tangential 
directios as mated for the inoconpressible ease. As the pressure 
ratio was lowered further, the aerodynamiu loading cf the rear por- 
tion of the blade reached a maxImum value and remained constant. 
After this condition was attained, the e-ion downstream of the 
cascade took glace with a constant tangential velocity so that no 
further increase in the amount 08 tmdng across the blade row aSa 
no further increase tithe loading of the bladewas available. 

Althougbnme ofthefi~sme~odeforanetlyticallydeterm~ 
the jet-deflection angle gave results that agreea oloselywith the 
eqerimental results, the asslanption of nonisentropio eqsnsionwith 
a oonstant value of tangential velocity after the aerodynamic lcad- 
ing of the rearpor*i;ionCFPthebladereaoheditsmaximum value gave 
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the best agreement betweentheoryand experiment. When the entire 
fieldcxPflowa short tistance downstreamoftheblades became 
supersonic, aa ad-point condition for which the axial velocity is 
supeirsonic was attained, and any further decrease in the pressure 
ratio did not change the flow conditions at the exit of the blades. 
The flow for this end-point condition was quantitatively analyzed 
by the method Ccp characteristics. The deflection of the Jet deter- 
mined by the expertiental conservation-of-momentum method was found 
to r-in almost constant at about 7o in the tangential direction 
until the blade loading reached its maximum value; the daflecfion 
angle thenchsngedasthe pressureratiowasfurtherdecreased., 
llneil a maximum value of l5O in the axial direction was obtained 
for the end-point caadition. 

Inevaluatingthe perf oIhmame cd? 8 gas turbine, &CCOUdi mUat 
be take of the d&lection of the flow from the blade angle at the 
exit of each row of blades for subeonic and supersonic velocities. 
For subonsic flow out of blade rows having a reasonably hi& de-e 
of guidance and solidity, the devztatian betwean the angle of flow 
andtheblade angleattheexit canbeapproxiz~tedbya simple 
empirical rule (references 1 and 2). When the mtio of the exit 
static to the inlet total pressure across the blade row is less than 
the critical value, however, expansion to supersonic velocities 
takes place and either a ccpaplexflow pattern ae mixed subsonic and 
supersonic velocities occ a region of cmpletely supersonlc veloc- 
ities is obtained downstream of the blade zvw. Several theoretfcal 
methods far predicting the angle of flow de&lectian for this condi- 
tion have been suggested; they are based, however, on different 
simplifw assumptions and give inconsistent results. 

Five such theoretical methods for determiniq the deflection 
angle are presented herein and compared with the results aP an 
experimental investigation conducted at the NACA Lewis laboratory 
of the flow conditions at the exit of a cascade Crp typioalrotor 
blades. In addition, a detiiled, analysis of the flow at the exit 
of the cascade is presented for the conditions examined. 

The five theoretical methods evaluated are: 

. 

1. Isentropic expansion with constant flow area perpendicular 
to the axial direction 
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A 

a 

2. Isentropic expansion with constant tangential velooity 

3. Nonisentropic expansion with constant tangmtial velocity 
and constant flow area perpendicular to axial direction 

4. Isentropic expansion of flow with deflection in axial 
direction according to Prandtl-Meyer theory of flow 
around a corner, as derived in reference 3. 

5. Evaluation of flow conditions downstream af row of blades 
by method of characteristics 

A two-dimensional cascade was used for the experimental inves- 
tigation. The blade studied has a solidity of 2.2 based on the 
axial width and a design reaction of 40 percent with choking flow 
at the exit. The static-pressure distribution over the peripheral 
surface of the blade and downstream of the blade row was determined 
for an inlet temperature of about 6000 R, inlet pressures f?xsn 20 
to 43 pounds per square inch, and static-to-total pressure ratios 
from 0.60 to 0.16. These static-pressure surveys were used to 
evaluate the velocity and the flow angle by the conservation-of- 
momentum principle (impulse law) presented in reference 4. With 
the blades mounted between glass plates, schlieren photographs af 
the flow through the passages and in the region downstream of the 
blades were taken and are presanted. 

Thefollowing symbolsare used inthis report: 

m-3 bQ ft) 

velocity & sound, (ft/aec) 

cP 

CS 

d 

g 

K 

compression shock wave originating from deflection of 
flow separated from pressure surface 09 blade 

ccrmpression shock wave originating from delf'ection of 
flow separated from suction surfaae of blade 

distance across blade channel at exit, (ft) 

acceleration due to gravity, 32.17 (ft/sec2) 

frictioml drag force, (lb) 
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2 flow-path length along suction surface to center of area 

m 

P 

P 

Q-S 

R 

-2 
8 

T 

W 

- P 

Y 

6 

e 

downstream of throat, (ft) 

mass flow, (slugs/set) 

pressure force, (lb) 

pressure; (lb/sQ ft) 

arguments used in evaluatkg Rrandtl-Meyer type flow 

gas constant, 33.34 (ft-lb/(lb)(OR)) 

Reynolds number based on flow-peth length 2 

blade pitch or spacing, (ft) 

absolute temperature, (OR) 

relative velocity, (ft/sec) 

angle aP flow measured from tangential direction, (deg) 

ratio of speoifio heats, 1.40 for air 

angle of flow deflectian, p4 - P2, bd 
blade ~leaterit,measuredfromtangentialdirection, 

absolute viscosity, ((lb)(sec)/sQ ft) 

mass density, (sl~s/cu ft) 

shearing stress due to boundary-layer friction, (lb/sQ ft) 

Subscripts: 

a direction of blade sucfian surface at exit 

a0 actual 

av average on suction surfase from leading edge to center of 
area down&ream of throat for computing Reynolds number 

or critical 

. 

. 
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I isentropic 

n direction normalto blade suction surface at exit 

8 suction surface of blade downstream of throat 

t 'trailing edge of blade 

U tangentia1ccmponent 

X axial projection 0T compomnt 

Stations: 

1 inlet to cascade 

2 throat sectian 

3 immdiatelgdownstreamof cascadewhereflowis assumed 
to be deflected in tangential direction to fill wake 
regions behi3adbladetrailing edge 

4 flnaldownstream stationwhere expansionto super- 
critical conditions is complete 

I first group of static-lplessure taps downstream of cas- 
cade (See fig. 12.) 

II second group of static-mssure taps downstream of 
cascade 

third group of static-pressure taps dmmstream of cascade 

rv fourth group of static-pressure taps downstream of cascade 

Superscripts: 
1 stagnation state 

average value 
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MECHCDSFCR ~GJZT-ONAT 

suREmRITIcAL RKESSURE RA!J?Ios 

For subsonic velocities at the exit of a blade row, numerous 
investigations (for erample, references land 2) have shown that 
the flow will be deflected from the blade angle 8 toward the tan- 
gential direotion so that the condition ~8 continuity will be sat- 
isfiedasthe etagnantwakeregionbehindthetrailingedge aP each 
blade is filled snd essentially uniform flow conditions are pro- 
duoeddownstresm ofthebladerow. For this conditionof unifm 
stibsonic flow, the final flow angle for ~essure ratios up to and 
including the critical pressure ratio is 

63 = sin-l ; 

For pressure ratios less than the critical value, hoverer, an 
expansion to supereonic-flow oonditicns with deflection in the 
axial direction will take place. I 

(1) 

Six methods 0s calculating the jet deflection at supercritical 
preesure ratios are evaluated. The first five methods can be solved 
when only the blading configuration and the pressure ratio for the 
expapeiondownstreamofthe passagethroatare known. In order to 
applythe sixthmethod (Stodola~s impulse-lawmethod), experimentally 
determined pressure distributions on the suction surface of the 
blade near the trailing edge and downstream cd? the blades must be 
available. 

Method 1: Ise&ropic eqansicnwith constantflowarea per- 
pmdioulax to axial direction. - A diagram of the flow conditions 
in the exit region of a blade row for assumed isentropic expansion 
with constantflowarea perpendicularto thearialdirectionis 
showninfigureL Theblade passage18 convergat to the throat 
eection (station 2) so that critical-flow ocdltions are assumed to 
be attained uniformly over the throat section when the pressure 
ratio across the blade row is equal to or less than the oritical 
pressure ratio. The flow angle B2 is assumed to be equal to the 
blade sngle 8. From the continuity relation, if it is assumed 
that the wakes are completely filled, the final flow angle can be 
eqcessed as 

(2) 

. 
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Frm ise&ropfc-flow relations, /3, can be solved if the values 
~8 the over-all pressure ratio and the ratio d/s are kmm. The 
variation of the supermitical psrt of the jet d&lection B4 - B3 
with the velocity ratio (W4&& is plotted in figure 2 for Yar- 
ious values 09 2, = S~IYL'~ d/s. The total jet deflection is 

6 = (e, - &I - (22 - 23) 
. = $4 - p2 (3) 

For each value af the flow angle B3, the deflection au&e 
increases until the axial veloolty at statfon 4 becoxnes equal to 
sonic velocity. The eadpointoneaohofthe cwrves corresponds to 
this condition OS choking at station 4. The follcrwiag relation 
betweenthearialkd tangentialvelocities when the arialccmpo- 
nent is smio is derived in appelatux A: 

(4) 

The endpob~tat each aPthe omes infigure 2was obtained 
by usipg isentropio-flov equations and equation (4). 

Method 2: Issoltropic erpaseionwith constant tsngential 
velocity. - B it is assmed that the tmgential components of the 
force acting on the ergandiag-mass offluldimediatelydounstream 
of the throat of the blade are negligible and that the erpaaeicm 
is isentropic, the conditia of flow at station 4 can be detemined. 
A diagram of flow conditions In the erit regicm of the blade for 
these assumptions is shown in ffgure 3. 

The following relations express the flow condItiona at.sta- 
tion 4. By hypothesis, 

Wu.4 -W&3 
Wcr Wcr - -8 83 (5) 

rseptropic-flow re&tions determine (W4&r)i, and the d&motion 
of the jet is 

6 = 008 -1 Wu,e 
( ) u4 

-p 2 (6) 
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Because all the expansion takes place through an increase in the 
axial velooity, the flow area &,4 will generally be less than 
J%,3’ The area ratio is obtained from the continuity equation, 

The auperc~tical part of the jet-deflection angle p4 - $3 is . 
plotted in figure 4 as a function of the blade angle aud the ratio 
of the final velocity to the critical velocity. The variation of 
the area ratio 4 4/Ax 3, 
infigure 5. The hi phnts 

determined frcun equation (7), is shown 
of the curves in figures 4 and 5 cor- 

respond to sonic axial velocity at station 4. 

Because the conditions at station 4 are assumed to be uniform 
across the width of the cascade, the required deorease in flow 
arm (fig. 5) could be obtained in the actual turbine only by an 
increase in the hub-to-tip-diameter ratio downstream of the rotor, 
which would be an undesirable design condition. 

Method 3: Noulsentropio expansion with constant tangential 
velocity and constant flow area perpendioular to axial dlreoticm. - 
The assumption of constant tangential velocity can be satisfied 
with con&s& flow mea if the losses between stations 3 and 4 
deorease the statio dausity enough to allow continuity of flow with 
these assmptions. 

Figure 6 is obtained through the solution of the equations 

(8) 

The critical-velocity ratio W/Kc, is plotted against the mma- 
flow parameter oWx/plW,. with contours of constant W,/W,. 
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The curve through the points of max.imum value of the mass-flow 
parameter oneach of the oontours of constant W,/Wcr corresponds 
to the chom condition of sonic axial velocity at station 4, 
which satisfies equation (4). 

Because 

03wx,3 = 04wx,4 (10) 

the total-pressure ratio pr3/pt4 is 

PWx 
P'g p'wcr 4 
t- ( ) 
p4 pwx 

( ) 
I p war 3 

(11) 

The values of the mass-flow parameters are read from fig- 
ure 6 at assigned values of the velocity ratios W/kc and 
WU&E at stations 3 and 4. The pressure ratio p4 pf3 can be f 
obtained from isentropic relations and the relatina 

p4 
P4 p'g 
7 p3=p'g 

p4 

02) 

This method. af calculating the jet deflectian was not eval- 
uated for the general case, but the solution for the particular 
blade configuration c& the experimental investigation is presented 
in a subsequent section. 

Method 4: Isentropic eqansion af flow with deflection in 
axial direction according to Frandtl-Meyer theory of flow around a 
corner. - If the ~imaryexpansitmto the downstreamstaticpres- 
sure occursframthe pressure s&ace of thebladearoundthe tail 
radiu6from station2,as suggested inreference 5,aflowpattern 
of the Brand-U-Meyer type may occur. Such a flow pattern (fig. 7) 
is evaluated for an over-all pressure ratio p4/pll of 0.40. The 
flow seprates from the suotion-surface wall, leawing a wide wake 
region. The deflection of the jet for these conditions is given 
by the relation (referance 3, pp. 189-197) 
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8=j34-82=; (sin-“Q2-si&~) -I- (d.n-l~-s&-S4) 1 
where 

O-3 

Q = y - (7-l) 

s = 7 - (y+l) 
(W/LJ2 

The variation af the deflection angle with the ratio of exit 
velocity to the critical velocity (fig. 8) is evaluated by egus- 
tion (13). The deflection angle calculated by this method is 
independent of the blade angle 8. 

like amount af expansion that can be attained with the pre- 
ceding asemptions is limited. As the pressure ratio is decreased, 
the wake region wilj o-verge until an end-point condition of zero 
width is attained. The pressure ratio at which this condition 
occurs will depend 011 the blade spacing, the blade-exit angle, and 
the thiclmess of the blade at the trailing edge. 

Method 5: Evaluationcfflow conditions downstream of rowcf 
blades by method of characteristics. - The flow conditions in the 
exit region of the blades for an assumed Bandtl-Meyer type af 
expansion with no separation CCP the flow from the suction-surface 
wall can be calculated by the method of characteristics (refer- 
ence 3, pp. 210-232). The flow pattern obtained with this method 
for the blading configuration used in the experimental program is 
shown infigure 9. A sfatio-to-total pressure ratio p4/pfl of 
0.40 was assigmd, as in the evaluation of method 4. It WBS 
assumed that no mixing occurred between the main flow issuing from 
the channel and the stagnant wake regions. The final static pres- 
sure p4 was assumed to exist throughout the wake region up to 
the trailing edge'cf the blade, so that separation af the flow 
from the pressure surface at the trailing edge takes place when 
the flow from the pressure surface around the trailing edge has 
turned through theErandtl-Meyer angle oorre~ingtothe down- 
stream static pressure. Although the flow is initially deflected 
in the axial direction through the Frandtl-Meyer angle of 4.15' 

. 
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in region 5 (fig. 9 and table I), subseQuent reflections of the 
expansion waves on the boundary of the jet reverse the direction 
of deflection ~ogressively so that in region 25 the deflection 
angle is 4.15O in the tangential direction (or -4.15O, table X). 
Along the suotian adace the expansion waves from  the trailing-edge 
radius are refleoted aa further expansions so that in region 21the 
effective Prandtl-M eyer angle is 8.30°. In order to obtain the 
downstream  static pressure in region 29, a ocm pressionwave of 2.150 
is necessary at the point of separation from  the suction surface. 
Downstream  & the blades the flow pattern becom es repetitive and the 
general deflection is in the tangential direction. As the exhaust 
pressure is decreased, the wake region will becom e continually 
thinner until the stream lines from  adjacent channels cross. A t 
this point, the solution to the problem  with the present assum ptions 
is indeterm inate. 

M ethod 6: Bvaluationof expansionbyconservation-af-m omentum  
principle (im pulse law) and m easured static pressures. - S todola 
(reference 4, p. 142) suggests that the deflection of the jet can 
be analytically determ ined by application of the conservation-of- 
m omentum  principle to the m ass cf fluid in the region ABCIXFGA, 
between stations 2 and 4 (fig. 10). The forces acting on the m ass 
of fluid can be conveniently resolved into ccm ponats parallel and 
norm alto the direction corresponding to the blade angle 6, which 
is equal to 6,. The pressure force at station 2 P2 acts in the 
direction of the velocity at this station and is ccxm posed of two 
Parts; F&, the average pressure m ultiplied by the area at sta- 
tion 2,plus &&., the pressure force over the trailing-edge area 
of blade. Acting in the opposite direction are the frictional drag 
on the suction surface Ks = 78 As and. the component crf the pres- 
sure force at station 4, P ,,4. Equating these forces to the change 
in m omentum  parallel to the au&ion surface from  station 2 to sta- 
tion 4 gives 

m (Wa,4 - 53) =~$2+pt4rc-~As- 

= P2 - E=e - pa,4 ' 

The com ponents of force and velocity norm alto 
of the blade are obtained in a sim ilar m anner. 

---Ax,4 Pa,4 
(144 

the suction au&ace 
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(14b) 

mwn,4 = pn,s - pn,4 I 
The pressure and frictional forces acting on the jet boundary CD 
will be equal and opposite to those acting on EF, 

Critical conditions of flow can be assumed to exist uniformly 
over the throat section (station 2) 2f the over-all pressure ratio 
across the blade row is equal to or less than the critical pressure 
ratio. The mass flow can be most easily ocapputed at this station. 

Only a rough approximation af the frictional drag on the 
area As is necessary for this analysis because the effect of 
this force on the angle of jet deflection is nearly negligible com- 
Fred with the pressure forces. The boundary layer is therefore 
assumed to be turbulent all the way from the leading edge of the 
blade, and the shearing stress can be calculated from the following 
equation (reference 6, p. 203): 

where 

De2,s = 
2WavPav 

pav 

The average values <, q, Way, pay, and Tav for ccpnputing 
pav can be calculated with sufficient accuracy from the isentropic- 
flow equations and the static-pressure distribution on the suction 
surface, which can be determined either experimentally or analyt- 
ically. (For example, see reference 7.) 

The pressure distribution over the areas As and Ax,4 must 
be experimentally determined. Equation (14b) is then solved for 
the velocity components W&,4 and W,,g. The jet-deflection angle 
IS 

6 &&!Q 
Wa,4 (16) 
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BladeDesign . 

The blade-profile design used in the experimental investiga- 
tion (fig. 11) is the mean-section pr&ile of a blade for an 
experimental turbine tith 40-percent reaction. The suction sur- 
face of the blade from A to B was chosen to be the involute of a 
circle; from B to C the contour is faired to the straight-line 
section from C at station 2 to D at the trailing edge. The channel 
between blades was designed on the basis of one-dimensional-flow 
theory ti such a manner that the mean velocity would continually 
increase through the channel to the throat section at the exit 
(station 2). The solidity for this design was 2.2 when based on 
the axial width and when based on the blade chord was 2.3. This 
relatively conservative design with a high amount of reaction, 
gradually increasing radii of curvature of the suotion surface, 
and high solidity was uhosen to m-lee the possibility of sep- 
aration of the flow from the blade in the channel and to fnsure 
practically constant flow conditions over the width of the throat 
section for pressure ratios equal to or less than the critical 
pressure ratio. 

Two sizes ai? blades were used in the investigation. The 
pressure-distribution surveys were carried out on blades having 
cross-sectional dimensions three times those given in figure 11. 
Schlieren photographs were taken af the flow past both the large 
and amall blades. The smaller blades were used In order to 
increase the number of blades in the cascade for a fixed weight 
flow so that the flow pattern in the exit region.would be uniform 
and could be observed several chord lengths downsweam. In both 
cases the blade height was 2 inches and the blade profile was 
constant over the blade height. 

tispection indicated that the maximm deviation of the actual 
contours from the design was less than 0.003 inch for the 0.60-inch 
blades and 0.005 inch for the 1.80-inch blades. The maxtim 

. deviation of the angle of the trailing edges from the deal@ angle 
was 0.50° for the 0.60-inch blades and 0.250 for the 1.80-in& 
blades. 

In order to detezmine experimentally the flow con&Ltions at 
the exit& the blade row, three cascade configuratiane of the 
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rotor-blade design were fabricated. The first vas used for makzing 
pressure measurements andwake surveys and the other twowere used 
to obtain schlimen photographs of the flow through the blades and 
downstream of the cascade. 

Pressure-survey oascade. - In order to determine the Dressure 
distribution on the blade contour and in the region downstream of 
the blades, a cascade of six blades having an axial width of 
1.80 inches was mounted between horizontal steel plates. The end 
blocks of the casoade had the same cdntours as the suction and 
pressure blade surfaces (fig. 12) so that the oasoade included 
seven equal passages. The static-pressure distribution on the 
blade surface wae obtained for the center passage of the cascade 
from taps on the surfaces of the center two blades. The looation 
of the pressure taps on the blade contours is shown in figure 11. 
The 10 taps on the pressure surface and 11 taps on the suction 
surface upstream of the throat section (statian 2) were used to 
show that the velocity in the channel. appmched sonio speed at 
the throat section, and to obtain average values of velooity and 
density over the suction surface in order to calculate the Reynolds 
number Re2,s. At all pressure ratios smaller than the critical 
value, the flow conditions through the ohannel to the throat sec- 
tion remained unchanged. The taps onthe straightportionofthe 
suction surface from C to D were spaced approldmately l/16 inch 
apart. These taps were Installed by inlaying 0.015-Inch-diameter 
stainless-steel tubes in a hollowed-out portion aP the blade. The 
area was then filled in with soft solder and shaped to the original 
contour. The taps were slightly staggered but all wsre within 
0.150 inoh of the mean blade height. 

Two taps near the center of the upper plate and thirteen taps on 
the lower plate 0.39 inch upstream of the blade row were used in 
obtair&ng the Inlet static-pressure distribution to Insure that 
uniform entrance velocities were obtained over the width of the 
cascade. On the lower plate, downstream of the cascade, 25 static- 
pressure taps were placed to determine the pressure distribution 
in this region. The looation of all these static-pressure taps is 
shownFnfigurel2. 

An adjustable wake-survey probe holder was mouuted on the 
upper plate and could be moved aloug a line parallel to the oaacade 
and 0.45 inch downstream of the blade trailing edges. Probes 
mounted In this devioe could be adjusted within 0.010 inch of any 
desired point in the area to be surveyed and the angle of the 
probe could be adjusted withfn 1/4O. 
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Six-blade optical-survey cascade. - Schlieren photographs of 
the flow through the cascade of six blades were obtained with a 
configuration in which the upper and lower plates were made of 
glass. The blades were pinned to four steel bars about 0.10 inch 
square in cross section, which were inlaid in slots ground in the . 
glass plates. .The assembly of blades, bars, and end blocks was 
cemented to the glass plates. Five lines evenly spaced 0.08 inch 
apart around the periphery of one blade were scribed in the span- 
wise direction. When the flow past these lines was supersonic, 
the disturbances originated by the Unes could be seen in the 
schlieren photographs and the Mach.angle COIL&~ be measured. 

Eighteen-blade optioal-survey cascade. - A photograph of the 
optical-survey configuration similar to the six-blade cascade but 
having eightem blades of 0.60-Inch 8-1 width is shown ti fig- 
ure l3. Here the blades were fastened to.two bars by a pinned 
tongue-and-groove joint and the bars were laid in slots ground in 
glass plates. The metal strips on the front edge of the glass 
plates formed one side of the boundary-layer removal slot (fig. 14) 
and had pressure taps to obtain the static-pressure distribution 
over the width of the channel 2 inches upstream'of the blade row, 
Twelve of the pressure taps on the uppa;r bar and twelve taps on 
the lower bar were used in obtaa the static-pressure diatri- 
bution at the entrance over the width of the cascade. The adjust- 
able sheet-metal walls that can be seen In figure I3 extending 
downstream from the end. bloc&s proved to be impraotioable and were 
removed. 

Installationof experimentaleqti~ent. - Airfromthe high- 
pressure air-supply system of the Laboratorywas progressively 
passed through a steam-supplied heat exchanger, a thin-plate ori- 
fice for determiain@; the weight flow, and a surge tank 42 inches- 
in diameter and 72 inches in length to insure uniform conditions 
at the entrance to the test section. The BuTge tsnk contained a 
dia-phragrn af fine-mesh scre8nB and a bank of flow-straightening 
tubes for equalizWg the velocity distribution over the area cf 
the tank. The test section was mounted directly on the downstream 
end plate cdl the sage tank (fig. 14). Air from this test sectian 
was e&austedtothelow-pressure exhaust systemofthe Laboratory. 
Two large, horizontal wooden nozzle blocks guided the air fram the 
inside of the surge tank into the test section. The inLet a-ogle 
was held constant at the design value for all the 3nvestTgatfons. 
Provision was made for drawing off the boundary-layer air from the 
horizontal walls li inches upstream of the cascade of six blades 
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used for obtaining the pressure surveys. The boundary-layer ducts 
extended over the width CXP the cascade and were divided into four 
equal sections each having an individual valve for metering the 
flow. The air from these boundary-layer ducts was exhausted to the 
low-pressure system of the laboratory. 

Optical equipnt. - The sohlieren optical system is diagram- 
matically showninfigure15. Amercury-arolightsourcewas used 
and a four-microsecond flash was made for eaoh exposure. The two 
concave aluminized mirrors are 6 inches in diameter and have a 
focal length aP 96 inohes. The complex optical system was made 
necessary by space limitations. 

Cascade Calibration 

In order to determine the degree to whioh ideal two-dimensional 
flow was obtained in the cascade, a detailed survey of the total- 
pressure distribution in the wake region was made. This survey was 
made at an over-all static-to-total pressure ratio of 0.60 so that 
the velocities in the region downstream of the cascade would be 
subsonic, because it was found that at supercritical pressure ratios 
the insertion of a probe into the flow caused major dfsturbances 
in the static-pressure distribution on the wall below the probe. 
It was assumed that departures from two-dimensional flow would not 
be appreciably different at lower pressure ratios. Contours of 
constant total-pressure loss (p' 1 - ~'~)/p'~ are shown in fig- 
ure 16 for the lower half of the flow area behind two blades. The 
location af the points A and B are shown along the line cf survey 
Iin figure-12. Although there is an area at a blade height from 
about 0.20 to 0.50 inch in which the total pressure is higher than 
at the mean blade height (probably caused by secondary flow in the 
region where the blade meets the wall), the cc&ours are very 
nearly vertical over the greater part af the blade height. In 
analyzing the results of the pressure surveys and schlieren photo- ' 
graphs of the flow through the cascade configurations usFng 
1.80-inch blades, the departure from two-dimensional flow was 
therefore neglected. The end-wall effects on the flow through the 
0.60-inoh blades probably had an even smaller ecffect on the results 

.because of the greater ratio of length to axial width for these 
blades. 

In addition to the preceding analysis, a survey was made of 
the flow conditions through the channel with no blades in the cas- 
cade. This survey indicated that the flow at the entrance to the 
blades was parallel to the inlet nozzle blocks within f2O. 
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Experimental Bocedure 

17 

The Wet temparsture in all the ex-jertiental investigations 
was maIntaIned at 600° &loo R in order to reduce the possibility 
of condensation and condensation-shock phenomena durUg the expan- 
aion through the blades and in the region downstream of the cascade. 
Calculations indicated that there was a possibility of condensation 
only for the lowest pressure ratios. 

The inlet total pressure for the cascade of 1,80-inch blades 
used for the static-pressure surveys was measured Fn the surge 
tank and varied from 20 to 43 pounds per square inch absolute; 
whereas the e&au& pressure was simultaneouslg varied fram 14 to 
7 pounds per square inch absolute, depending on the over-all pres- 
sure ratio. The general we af pressures used for the Investi- . 
gations af' the 0.60~inch blades In the optical-survey configuration 
was somewhat lower in order not to overstress the blade mounting. 
The static-to-total pressure ratio for both af these FnvestIgations 
was varied from 0.60 to 0.16. For the static-pressure-distributian 
inve%tigation%, surveys were made at 12 different pressure ratios 
withFn this range. 

Schlieren photographs with the 0.60-inch blades were taken at 
eight different pressure ratios. The exit static pressure for the 
optical-survey configuration was taken as the average of four wall 
taps (@?oup IV) outside the periphery of the glass plate downstream 
of the blades (fig. 12). For the optical investigations of the 
1.80-inch blades in which the air was exhausted Vito the roam, the 
inlet pressure was varied from 22 to 35 pounds per,square inch 
absolute and the exhaust pressure was assumed to be atmos@eric. 
Schlieren photographs of this bladIng conNguratio.n were taken at 
three different pressure ratios. 

For the schlferen photographs, the knife edge was addusted in 
the focal plane until the maxImum constrast between light and dark 
areas was obtained on a ground-glass screen. At each pressure 
ratio, photographs were taken at two different me-edge angles' 
for the 1.80-inch blades and at four Wferent angles for the 
0.60-inch blades. Inadditioqa shadowgraphwas obtainedof the 
0.60.inch blades at each pressure ratio. 

For this investigation,the Reynolds number Ret varied from 
6.5 x lo5 to 1.7 x lo6 for the 1.80-inch blades. Thus, for all 
the studies with the 1.80--h blades and most of those with the 
0.60~in h blades, the Reynolds number was above the critical range 
from 1 J to 3 x lo5 and was assumed to have a negligible affect on 
the results. 
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In order to obtain uniform flow condition% upstream of the 
cascade, the weight flow removed through the various boundary- 
layer-control chambers was adjusted until the variation in the 
static-pressure distribution upstream of the blades .~a a-minimum. 
For the investigations with the pressure-survey cascade and for 
the 0.60-inch blades, the maximum variation in the static-pressure 
distribution was less than 9 percent of the dynamic pressure. 

Inetrumentation 

The inlet total tmerature was measured with a thermocouple 
and was read on a potentiometer to within lo F. The static pres- 
sures at the inlet to the cascade were read on tetrabromoethane 

l manometers. All the other pressureswere read onmercurymanameters 
to an accuracy within 0.05 pound per square inch. 

Calculation Methods for Static-Pressure-Survey Data 

The flow conditions at the exit&the cascadewere evaluated 
by the momentum relations of method 6 with the data obtained from 
the static-pressure-distribution surveys. A sample calculation of 
the evaluation is given in appendix B. A separate analysis was 
carried out for each of the three soups of exit static-pressure 
taps, I, II, and III. 

Isentropic flow from the stagnation condition% in the surge 
tank to critical conditions at the throat section (station 2) of 
the blades was assumed. The maas flow was calculated from these 
assumed condition% at station 2 and an assumed flow coefficient of 
unity. 

The pressure force Pn B was evaluated by integrating a plot 
of the static-pressure di%t&ibution over the area A, against the 
proJection of the line AGE' (fig. 10) on a line parallel to the flow 
direction at station 2. The pressure g wasreadfromthis curve 
at the point corresponding to the projection of trailing-edge 
point F. The boundary-layer shearing stress 5 WBS evaluated by 
equation (15), and average values of decnsity and velocity were 
evaluated from the experimentally determined static-pressure dis- 
tribution over the suction surface of the blade, assuming 
isentropic-flow condition%. The average exit static pressure for 
each of the three rows of taps was used in a.ch of the three sep- 
arate analyses. 
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RESULTS AND DISCUSSION 

The results of the experimental evaluation of the deflection 
angle by the conservation-of-momentum principle of method 6 are 
coml?ared with the results of the theoretical method% 1, 2, and 3. 
The analysis of the schlieren phctogzz&s is presented and shows 
the extent to which the assumptions Gee methods 4 and 5 are Justi- 
fied. 

Static-Pressure Surveys 

The results of the experimental evz&aation of the deflection 
sugle using the static-greasure-survey data and the momentum rela- 
tions of method 6 are shown in figure 17. The deflection angle is 
plotted against the isentropic critical-velocity ratio correspond- 
ing to the pressure ratio p4/ptl at that point. For all three 
rows of downstresm static-pressure ta.pa, negative defiection angles 
are obtained for values of (W4/Wcr)i less thsn about 1.27. 
Although there is considerable scatter of the data points for 
these values, the deflection angle tends to beccane less negative 
as the flow progresses from group I to III for these low velocity 
ratios. This effect is probably due to losses in this region, 
which cause a gradual change inflow angle toward the axial direc- 
tion. At higher velocity ratios, comparatively large positive 
deflection angles are obtained and the agremt betwean points 
is considerably improved. 

The ratio af the actual velocity at pressure group I (deter- 
mined by method 6) to the critical velocity, and the axial snd 
tangential critical-velocity ratios are plotted against the isen- 
tropic critical-velocity ratio at this station in figure 18. The 
difference between the isentropic and actual velocities varies 
from about 3 percent of the ideel value at the upper end af the 
curve to 10 percent at the lower end. This range of velocity dif- 
ference correspond% to &ficienciea &Z the expansion from 0.94 to 
0.83, respectively. 

. 

The tangential-velocity ratio (Wu,g/Wcr)ac increases until 
(W4&cr)i is equal to about 1.14 and then remains practically 
constant at a value cf 1.01. Theaerodynamic loadingoftheblade 
reaches its maximm value at this point and then remains constant, 
so that no further increase in the tangential-velocity cmponent 
can be obtained. The Feesure distribution over the area As for 
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this condition of maximum loading is shown in figure 19. !The con- 
tinually decreasing pressure frcan the throat to the trailing edge 
of the blade'indicates continued acceleration af tbe flow along 
the surface and therefore it is unlikely that separation of the 
flow from the surface occurs for the condition of maximlzm loading. 

Even though the over-all pressure~~ratio across the cascade 
test section p4 Iv /P'l was varied fram 0.22 to 0.18 (the mini- 
mum value attai&ble with the experimental equipent) for the last 
three pointa on the curve for pressure-tap group I in figure 17 
and on each curve in figure 18, these points are practically 
superimposed, which indicates that any decrease in the e&aust 
pressure to give pressure ratios less than 0.22 will not change 
the flow conditions at pressure-tap group I. This end-point 
condition occurs at a supercritical exit axial-velocity ratio. 

Inaturbinehavinga constantannulararea downstream of the 
blades, the passage would beccmd choked at an axial Mach number of 
unity and the curves of figures 17 and 18 would and at a value of 
(W4/wcrIl Of 1.48. In the cascade investigation, however, the 
exhaust static pressure influenced the flow immediately downstream 
of the cascade, even when the axial velocity was supersonic, until 
the end-point condition was attained at a value cf (W4,1bcr)i 
of 1.56. The condition existing at this point was evaluated from 
an analysis of the schlieren photographs. A similar condition 
would probably be obtained in an actual turbine if the annular 
area downstream of the rotor increased sufficiently to allow 
supersonic axial-velocity ratios. 

The dashed curve in figure~l.8, originating at the point (l,l), 
is a plot of the velocity ratio W4/Wcr calculated by method 3, 
which assumes a constant tangential velocity from station 3. The 
end point ai' the curve corresponds to sonic axial velocity. For 
values of (W4/Wcr)i greater than 1.1, the velocities calculated 
by method 3 are considerably lower than the experimental Glues. 
In order to approximate more closely the experimentally determined 
points, an additional evaluation of the final flow conditions was 
made using a combination of methods 1 and 3. It was assumed that 
the expansion from station 2 to 4 takes place according to the 
assumptions of method 1 until the tangential critical-velocity 
mtio wu,4ficr attains the experimentally determined constant 
value of 1.01. The corresponding value of (W4/Wcr)i is about 
1.14. For higher values of the critical-velocity ratio (W4/Wcr)i, 
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. the conditions at station 4 were evaluated by assuming, as in 
method 3, that the expansion takes place with losses and with a 
constant tangential velocity. The values cf W4/Wcr obtained with 
the combination of methods 1 and 3 are plotted in figure l8 
beginning at the point (1.14, 1.14). The velocity calculated by 
this method closely checks the experimental values obtained from 
method 6 after the tangential-velocity ratio reaches a constant 
value. Sonic axial velocity is obtained for (W4/Wcr)i equal to 
1.45 for this experimental method of evaluation. 

A comparison of the flow-deflection angles determined by 
methods 1, 2, 3, the combination of methods 1 and 3, and the 
experimental results of method 6 at pressure-tap group I is pre- 
sented in figure 20, The curve for method 1 deviates from the 
experimentally determined points after the loading of the rear 
-portion of the blade has reached its maximum value. At the point 
of sonic axial velocity, the deflection angle calculated by 
method 1 is only 2O, whereas the measured value is approximately 
110. As emoted, method 2 gives deflection angles far in excess 
of theactualvaluewhentheflowareas h3 and &4 are 
equal. Of these three original methods, meihod 3 give; the best 
correlation with the experimental data. However, although the 
data points for the negative deflection angles are rather scat- 
tered, deflection angles of the order af -6O were obtained for 
(w4,1Bcr)i as high as 1.15. 

The curve of the deflection angles calculated by the combina- 
tion of methods 1 and 3 gives the closest correlation with the 
experimentally determined values of the deflection angle. This 
method could be used to determine theoretically the angle of flow 
deflection for the general case if' the point at which the aero- 
dynamic loading cxP the rear portion aP the blade'reaches its max- 
imum value could be predicted. An analysis af the schlieren 

. photographs of the flow shows the complex phenosrena that occur at 
supercritical pressure ratios and indicates the difficulties in 
predicting this -point of mxximum loading. 

Schlieren Photographs 

Three of the schlieren photographs of the flow through the 
1.80-inch blades are presented in figure 21. The photographs were 
taken at three different pressure ratios with the schlieren lrnife 
edge parallel to the inlet-flow direct-fan. Because the blades 
turn the incoming air through an angle of about 900, for all 
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practical purposes the me edge is perpendicular to the flow 
direction downstream of the cascade. Areas havinggreater light 
intensity than the region aS negligible density gradient-at the 
top of each photograph can be shown to have positive density gra- 
dient in the direction from left to ri&t, perpendicular to the 
lmife edge. 

A comparison af the three photographs of figure 21 shows 
the progressive change in the flow pattern that takes place with 
decreasing values of the pressure ratio p4/pVl. Figure 21(a) 
shows that, at static-to-total pressure ratios considerably 
greater than that required to give critical flow at the throat 
section, the static pressure immediately upstream of the throat 
is slightlylowerthanthe e&au&pressure anda region c& com- 
pression originates on the pressure surface cf the blade near the 
trailing edge. The measured static-preesure distribution on the 
pressuYe surface for the same over-all pressure ratio confirms 
this result. 

Figure 21(b) shows that as the pressure ratio is decreased 
to 0.52, slightly less than the critical pressure ratio, the 
region of compression becomes a weak shock wave t-hat is nearly 
normal-to the flow. Further expansion takes place downstream af 
this shock as evidenced by the dark region followed by a second 
compression shock origFnating from the suction surface at the 
traiL?ng edge. . 

As the pressure ratio is further decreased to 0.42 (the min- 
imum obtainable with this blade configuration exhausting to the 
atmosphere), carrespondIng to a value af (W4fi& af 1.15, the 
two shock waves tend to become stronger and more oblique until 
the complex flow pattern shown in figure 21(c) is obtained. The 
deflection angle is still negative, as indicated in figure 17. 

An enlargement cf a photograph of the flow for a pressure 
ratio of 0.42 at the exit of two of the passages with.the schlieren 
knife edge prallel to the flow in this region is shown Q'L fig- 
ure 22. With this me-edge orientation, the oblique shock wave 
originating from the pressure surface at the trailing edge is 
light, whereas the one from the suction surface is dark. The fine 
lines scribed over the blade span an the suction surface of the 
center blade caused Mach lines that were used to measure the M%h 
angles. 
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An evaluation by the method of characteristics of the flow 
con.dLtions in figure 22 is given in figure 23. The expansion from 
the pressure surface around the trailing-edge radius takes place 
as assumed in methods 4 and 5. The flow does not separate, how- 
ever, from the trailing edge after expand- to a Ban&l-Meyer 
angle of 3.2O corresponding to the static-to-total pressure mtio 
of 0.42, but expands through a hzandtl-Meyer angle of about go to 
region 2 bafore passing through the oblique ccqreasion shock Cp. 
The pressure distribution on the suctia surface for this condi- 
tion is given fn figure 24. No sepsratian frcnn the suction surface 
was assumed to occur until the measured pressure distribution dif- 
fered from that calculated by the method of characteristics in 
method 5. The oblique shock Cp originating frcm the deflection 
of the flow frcun the pressure surface after region 2 (fig. 23) is 
reflected from the region of flow separation adacent to region 4 
as a series of expansion waves. A region of ctxapression follows 
and then further expansion occurs around the trailing edge to the 
oblique shock Car which extends across the flow from several 
channels (fig. 21(c)). 

Measurement of the flow angle of the wake regions frcm photo- 
graphs sFmilar to t&t cf figure 21 &ave reasonably close agree- 
ment with the experimental results cxf method 6. The wake regions 
are not defined clearly enough in the photographs to make such 
measurements accurate to more than so. 

Photographs of the flow through the cascade cf 0.60-inch 
blades are shown in figure 25. The flow pattern in figure 25(a) 
is comparable with that in figure 21(c), which was taken at very 
nearly the same pressure ratio. The shock waves discussed in the 
analysis of figure 23 extend several chord lengths downstream of 
the blades. The shock wave C, originating frcm the deflection 
of the flow separated from the suction surface downstream of the 
trailing edge is stronger than the one originating at the point of 
separation of the flow fram the suction surface. 

A shadowgraph taken at a pressure ratio of 0.39 is shown in 
figure 25(b). The analysis by method 6 indicates that at this 
pressure ratio the tangential-velocity ccqonent reaches its max- 
imum value. %be angle of the oblique shock Cp is decreased so 
that it no longer effects the pressure distribution on the suction 
surface. Simultaneously, the point cxf flow separation from the 
suction surface has moved so close to the trailing edge that it is 
evident that the rear portion of the blade has practically reached 
themaxImum-loading condition. 
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As the pressure ratio was lowered from the point at which the 
photograph of figure 25(b) was taken, the oblique shocks 'Cp cross- 
ing the passages between blade trailing edges turn m@?essively 
farther downstream (fig. 25(c)). The flow at the exit of the upper 
blades in this photograph has attained the supersonic end-point con- 
dition discussed in the analysis of method 6. A further reduction 
in the downstream preesure does not change the conditions at the 
exit of the upper blades but only extends the region of this maxi- 
mum expansion to all the blades in the cascade (fig. 25(d)). The 
shock waves C, originating from the suction surface at the trail- 
ing edge are relatively strong and extend all the way across the 
field of the picture; whereas some of the shock waves Cp orig- 
inating from the pressure surface of the trailing edges of the cen- 
ter blades are dissipated near the top of the photograph. 

A quantitative analysis of an enlargement of another schlleren 
photograph of this end-point condition (fig. 26).was carried out 
using the method of characteristics. The resulting flow pattern 
is shown in figure 27 and the flow conditions given in table II. 
Flow conditions before and after each of the theoretical shock 
waves at the measured positions were determined by a pocess of 
trial-and-error by which the condition% ahead of the shock wave 
were selected to satisfy the Prandtl-Meyer expansion from the 
pressure surface of the blade around the trailing edge. In this 
manner it was possible to calculate theoretical ehock waves that 
agreed with the measured ones from the photograph within the 
accuracy & such measurements, which was f2O. The experimental 
pressure distribution along the-suction surface (fig. 19) agrees 
well with the theoretical values calculated in this analysis. 

The flow is continuously supersonic at the exit, with 
extremely thin wake regions at this pressure ratio. Any further 
decrease in the exhaust pressure cannot appreciably change the 
flow conditions at the exit of the blades. The sets of shock 
waves Cp and Cs extendalmost unchangeda long distance 
downstream of the blade row. The shock wave Cs is the stronger 
one and deflects the flow through an angle af about 12O as com- 
pared with about 5O for the shock wave Cp. Because the expansion 
waves are not exactly parallel to the shock waves, the shock waves 
will eventually be dissipated, which probably explains the thin- 
ning out of the shock waves Cp at the top of figure 25(d). 

The exit deflection angle 6 varies from approximately 7O 
to 190 from region 8 to 10. -The mass-averaged value of the deflec- 
tion angle along the line of static-pregsure:tap group I, calcu- 
lated frcm figure 27, was found to be 16.7O, 2O greater than the 
maximum value of 14.70 determined by method 6. 
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The foregoing results show that, contrary to the assumption 
of method 4, the flow does not separate from the suction surface 
in the manner shown in figure 7. Deflection of the flow in the 
axial direction is not attained until the exit static pressure is 
considerably below that required to give critical-flow condition% 
at station 2. Although method 5 gives a closer approximation'to 
actual condition%, it does not give the point of maximum loading 
of the rear portion af the blade tithout additional information 
about the flow conditione in this region. 1 

A cwrison of the results of five theoretical methods for 
determining the deflection angle at the exit of a row of blades 
at supercritical pressure ratios with an experimental method 
using static-pressure surveys, and also with schlieren photographs, 
yielded the following results: 

1. ~erimental results indicated that even at pressure ratios 
considerably lower than that required to give critidal velocity at 
the throat section, the flow was deflected in the tangential 
direction as predicted for the inccm~essible case. ' 

2. As the pressure ratio uas continually lowered, the aero- 
dynamic leading of the blade reached a maximq~ value and then 
remained constant. After this condition was attained, the expan- 
sion downstream of the cascade took place with a constant tan- 
gential velocity so that no further increase in the amount of 
turning across the blade row and no further increase in the load- 
ing of the blade was available. 

3. None of the five methods for analyMcally determining the 
jet-deflection angle gave results that agreed closely with the 
ercperlmental results. The assumption of nonisentropic expansion 
with a constant value of tangential-velocity component,after the 
aerodynamic loading of the rear portion & the blade reached its 
maximum value gave the best agreement between theory and eqeri- 
ment. 

4. When the entire field of flow a short distance downstream 
. of the blades became supersonic, an end-point oondition for which 

the axial velocity was supersonic was attained. Any further 
decrease in the pressure ratio after this condition was attained 
did not change the flow conditions at the exit Orp the blades. 
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5. The deflection of the jet for the blades investigated In 
the cascade was found to be about 70 in the.tangential direction 
until the blade loading reached its maximum value; the deflection 
angle then changed as the pressure ratio was further decreased, 
until a mm&mm value af about l5O in the axial direction was 
obtained for the end-point condition. 

Lewis Flight Propulsion Laboratory, 
National Advisory Committee for Aeronautics, 

Cleveland, Ohio. 
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DERNmION OF KELATION BETWEE -AND 

TANm~-vELocITY COMPONENTS WHEN AxIwLt 

CO.~CONENTISEQUAIJTOSONIC VELOCITY 

From the condition of continuity and the isentropic one- 
dimensional-flow relations, it is lmown that the axial-velocity 
ccmponent will be sonic at the point for which the mass flow is 
amaximum. Becausethearea inplanes perpendicular totheaxial 
direction is constant, the maximum mass flow.willbe obtained 

. when pWx is maximum. 

From the isentropic-flow relatiorns, 

By setting the derivative with respect to the axial comgo- - 
nent equal to zero, . 

+ 

f r-1 Wx. 2 

y+l & X) = 0 
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By solving for the axial component, 

(4) 
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S .AMFIECALcuLpLTIONFoRpIE;THOD6-~~ONoF 

EXPANSION BY USE OF CONSERYATION-OZ-KMEKCUM 

METHOD(m LA3l)AND-V~ 

aF ST&XC-PBESRRE DISTEUBUTION 

The various quantities in equations (14a) and (14b) m ay be 
evaluated as follows: 

1. Z?mluation of P2 and W2: 

pz = P , = &  
* 

( J P 'l 

(144)(34.88) lb/q ft 

. A2 = 0.00525 sq ft 

pz+= ES.93 lb 

Ercm t figure 19, which is a plot of the static-pressure &is- 
tritution over>he area As for the point of m um loa-, 
the pressure pt is 

<= 3.20 lb/q in. 

q A+, = (3.20)(144)(0.&125) 

= 0.58 lb 
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P2 = 13.93 + 0.58 

= 14.51 lb 

(32;17)(53.34)(607) 

= 1101.9 

2. Evaluation aP Ks: 

r 

ft/sec 

where 

-2,s = 
2 wav pav 

pav 

= (0.181)(937)(0.00350~ 
3.81 X 10-7' 

= 1.56 x lo6 

7,= 0.059 (0.00207)(1460)2 

(1.56 x lO#5 
2 

= 7.5 lb/sq ft 

I& = (7.5)(0.01025) = 0.08 lb 

3. Eva1uatim d Pa 4 and Pn 4: 9 

P a,4 =q&,4 
. 
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pa,4 =I 

= 5.23 lb 

P n,4 = 

pn,4 = 

P n,4 = 

4. Evaluation of 

31 

-=p,sinp2 pa,4 

(5.581)(144)(0.5616)(0.01158) 

pn,4 %r4 

pq CO% B 

(5.581)(144)(0.8274)(0.01158) 

7.70 lb 

P l 

= 2.0 (area e plot of static pressure 
I againstdistancealongarea, As, 

fig. 19) 

= 2.0 (7.63) 

P n,s = 15.26 lb 

5. Eval~tion d m: 

2 l/Y 
per = ( > r+l P'l 

m = (0.6339)(0.004822)(1101.8)(0.00525) 

= 0.01769 slug/set 

6. Evalustian of W, 4, wn 4, and 8: 

m(W,,4 - W2) = P2 - II, - pa,4 ON 
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mwn,4 f *n,a - *n,4 (14b) 

(O.O1769)(Wa,4 - 1101.9) = 14.51 - 0.08 - 5i23 (144 

W a,4 E 1622 ft/eeo 

(0.01769) Wn,4 = IS.26 - 7.70 (14b) 

Wnt4 = 427 ft/sec 

6 = -&n-l !I&& 
wa,4 

hEi+& 

= 14.750 

0.160 

= 1.564 

- 
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TABLE1 -BTOWCOMDSTIOI!iSFORAWIXSISEXME!EEOD 

CXl?CHARACTERISTICSASSBOWlgmFIm9 

Region Pmndtl- Flow- Region Emndtl- Flaw- 
Meyer deflec- NY= deflec- 
angle tion angle tion 
(aed angle 8 

(aeej 
b3) w3le 6 

(4 
10 0 37 5.15 l.l.5 
2 1.00 1.00 38 4.15 .I.5 
3 2.00 2.00 39 4.15 -1.85 
4 3.00 3.00 40 3.00 -3.00 
5 4.l.5 4.15 41 6.15 .l5 
6 2.00 0 42 5.15 -.85 
7 3.00 1.00 43 4.15 -1.85 
8 4.00 2.00 44 4.15 -4.15 
9 5.15 3.l.5 45 7.30 -1.00 

10 4.l5 2.w 46 6.30 -2.00 
11 4.00 0 47 5.30 -3.00 
I.2 5.00 1.00 48 4.15 -4.l.5 
I.3 6.15 2.l5 49 4.15 2.l.5 
14 5.15 1.15 50 3.15 l.l.5 
I.5 4.l-5 .I5 51 2.15 .l5 
16 6.00 0 52 1.00 -1.00 
17 7.15 1.15 53 4.15 2.15 
18 6.3.5 .I.5 54 4.35 .I.5 
19 5.E 0.85 55 3.15 -.85 
20 4,l5 -1.85 56 2.00 -2.00 
21 8.30 0 57 5.15 l.l.5 
22 7.30. -1.00 58 .4.l5 .I.5 
23 6.30 -2.00 59 4.15 -1.85 
24 5.30 -3.00 60 3.00 -3.00 
25 4.15 -4.15 61 6.15 .I.5 
26 6.30 0 62 5.15 -.85 
27 5.30 -1.00 63 . 4.15 -1.85 
28 4.30 -2.00 64 4.15 -4.15 
29 4.15 2.15 65 7.30 -1.00 
30 3.15 l.l.5 66 6.30 -2.00 
31 2.15 .l5 67 5.30 -3.00 
32 1.00 -1.00' 68 4.15 -4.15 
33 4.15 2.15 69 4.15 2.15 
34 4.15 .15 70 3.'i5 1.15 
35 3.15 -.85 71 2.15 .15 
36 2.00 -2.00 72 1.00 -1.00 
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TABIZII-FLQWCONDITIONSF~ANALYSISOFFICXXXE 22 
BYMETEOD OF CHARACTEXISTICS AS SRUWN IN FIGUXE 23 

Regfon r ?randtl-Meyer 
a-e- 
(h3) 

0 
9.0 
9.0 
8.0 
2.7 
1.0 
5.0 
3.0 
9.0 
5.0 

Region 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
l3 
14 
I.5 
16 

. 
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Flow- 
leflectfon 

Yf3 6 
0 
9.0 
1.0 

10.0 
-1.1 

1.0 
5.0 
7.0 
1.0 
4.3 

'I!ABLEIII-lKGOWCONDI!CIONSl?ORANAIXSISOFFIGUR.E 26 
BY METHOD CfF -1CS AS SHOWN IN FIGUKE 27 

Wu$Ltl-Meyer 
-0 
@ed 

0 
29.0 
21.7 
18.4 
25.0 
28.0 
19.0 
30.6 
23.0 
17.5 
32.0 
24.5 
26.0 
29.0 
23.5 

Fluw- 
deflection 
mgle 8 

C&J 
0 

29.0 
22.0 
18.8 

1.0 
6.0 

14.6 
6.8 

24.4 
19.1 
20.0 
12.8 
14.3 
17.2 
11.9 

25.0 
I+$&- 
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r Pressure r Suet ion 
su tface surface 

. 
NACA F&4 E9K25 

Figure 1. - Diagram of flow conditions at exit of cascade of turbine 
rotor blades at supercritical pressure ratios for Method I assuming 
isentroplc expansion with constant flow area in planes perpendicular 
to axial direction. 
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16 

14 

I I 
83, deg 
I se 

IO 

I I 
I5 
I 1 I _ 

1 I I 

I- 
I 

.O 1.2 I .4 I.6 I.8 2. 
Extt critlcal velocity ratio, (W4/W,mrI i 

I I I f I I I t I I 
.s3 .4s .35 .25 .I5 .05 

Static-to-total pressure ratio. p4/p; 

Figure 2. - Variation of supercritical portion of 
deflection angle 84-83 with exit critical velocity 
ratio for Method I assuming isentropic expansion 
with constant flow area in planes perpendicular to 
axial di rect ion. Y - 1.4. 
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Figure 3. - Diagram of flow conditions at exit of cascade of turbine rotor 

blades at supercri t lcal pressure ratios for Method 2 assuming isentropic 
expansion w,ith constant value of tangential component of velocity. 
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Figure 4. - Variation of supercritical 
portfon of deflection angle 84-!J3 with 
exit critical velocity ratio for Method 2 
assuming isentropic expansion with 
constant value of tangential component of 
velocity. y - 1.4. 
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. 0 

. 2 

a 

. 

I 1 I I 
I I I 

I I I I I ITI 
I .o I.1 1.2 I .3 I .4 

Exit critical velocity ratio, (W4/Wcr)i 

I I I I I 1 
* 53 .45 -35 .25 

Static-to-total pressure ratio, p4/plI 

Figure 5. - Area ratio Ax 4/A, 3 at exit of 

cascade of turbine rota: blaies for 

Method 2 assuming isentropic expansion 

with constant value of tangential 

component of velocity. y = 1.4. 
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. 

I .a I’ I 

W,la = 1.0 

1.7 I 

I 
I I , , I I I 

Tangential 

Mass flow parameter, ~Wxldiycr 

Figure 6. - Graph for determining flow conditions at station 4 for 
Method 3 assuming nonisentropic expansion with constant Value of 
tangential component of velocity and constant flow area in planes 
perpendicular to axial direction. y - 1.4. 
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Pressure Suction 
surface surface 

Region Prandtl- Pressure Critical 
Meyer ratio velocity 
angle 

(degl ’ 
P/P\ ratio 

wiwcr 
I 0 0 -5283 I .oooo 
2 I .oo .479 I f -0667 
3 2.00 .4498’ I .I066 
4 3.00 .4249 I .I409 
5 4.15 .4000 I.1757 

Figure 7. - Diagram of flow conditions at exit of cascade of turbine rotor 
blades at static-to-total pressure ratio of 0.400 for Method 4 assuming 
isentropic expansion of flow with deflection toward axial direction 
according to Prandtl-Meyer theory of flow around a corner. 

. 



NACA RM E9K25 43 

. 

28 

24 

0 I I 
I .o I .2 1 .4 1.6 I . 

Exit critical velocity ratio, (W4/W,r)i 

I I .I I I I I I 
.53 .45 .35 .25 .JS 

Static-to-total pressure ratio, p4/p’l 

Figure 8. - Variation of deflection angle 
with exit critical velocity ratio for 
Method 4 assuming deflection toward axial 
direction according to Prandtl-Meyer 
theory of flow around a corner. y - I .4. 
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Reesure eurface 2 
Suction enrfaoe 

--^ 2_-- ------- 
-------_ _c-_--- 

Figure 9. - Diagram of flow condition6 at exit of caeoade of turbine rotor blades at static-to-total preeeke 
ratio of (I.400 for Meethod 5, a8 determined by method of characterietios, aeauming downstream static preseure 
throughout wake region and tie separation of flow from auction surface of blade. (See table 1 for flow 
conditiona.) 
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Figure LO. - Diagram of flow conditions at exit of cascade of turbine rotor 
blades at supercritical pressure ratios for analysis by Method 6, using 
conservation-of-momentum principle and measured values of static-pressure 
distribution. 

c 



46 N ACA RM E9K25 ’ l 

-0,600. 
axial width -- 

A Pressure 
tap location 

Figure It. - Blade design used in experimental investigation. 
(All dimensions in in.1 
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Figure 12. - Plan view of pressure survey bladlno configuration with top plate removed. 
(All dlmenslms In in.) 
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[a) Plan view of cross section through 
over-al I test section assembly. 

Air flow 

El ade 

h 

Valve 5=7-. 
(bl Detail of boundary-layer 

removal system. 
v 

a 
E 

Figure 14. - Over-all test section assembly and cross section of boundary-layer removal duct. 



52 

2 l/8" x2 l/8" 
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\ 
spherical mirror 

\ 
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flat mirror 1MlS 

'I 

Knife edge 

Viewing screen 
arkI film holder 

4 

Figure 15. - Diagram of schlieren optical system. -. 



Mean blade 
height A (see fig. 121 B 

I 

Distance from center line of cascade along line of survey, In. 

Figure 16. - Loss In total pressure obtained from wake survey behind two blades at 
an over-all static-to-total pressure ratlo of 0.60. 
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0 A- 
- __ 

5 A 
-ejzs&-- 

-89 
I I 

I .o I.1 I .2 I .3 I A I .5 I. 
Exit critical velocity ratio, (W4/W,,), 

6 

Figure Ii’. - ExpPrimental evaluatlon of deflection angle by conservation- 
of-momentum relationships of Method 6. 
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--W4/iVcr (Method 3) _ 

1 .I 1 1 1 1 1 1 1 -- - w4/W,, (Methods I 
and 3 combined) - 

A--- (W4/Wcr) i 

-21 I I I I I I I I I I I I 
. - . . . ^ . - 

.9 I .o I.1 1.z 
Exit critical-veloci 

Figure 18. - Experimental cvaluat ion 

fwqiwcr)ac and components (W,,4/W,, 
of-momentum ielations of method 6. 

of actual critical -velocity ratio 
1 ac and (Wx,4/Wcr)ac by conservation- 
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I8 

Distance along suction surface 
from throat, in. 

Figure 19. - Static-pressure distribution on 
suction surface area A, at point of maximum 
loading. Area under curve = 7.63 pounds per 
i rich. 
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, I I .I 

6 (station 4.1 

/ I / ,’ ” 
’ / 

-8 I I I I I I , I I 
-9 1.0 1.t I .2 I .3 I .4 I .5 I .6 

Exit cri tie1 velocity ratio. (W4/Wcr) i 

Figure 20. - Comparison of resuIts of evaluation of flow-deflection angle 
6 by Methods I, 2. 3, and 6. 
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(a) B66sure r&Lo pd/p'l, 0.66. 

mgum 21. - soldieren photographs of flov t&ox@ oasoade at 1.8~inoh blailes with 
sohhlieren ldfe edge parallel +;r) inlet-flow clireoticm. 
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(b) Pressure ratio p4/pgl, 0.52. 

ZTgure 21. - CoIltinued. Schlierenphot~~s ~~CflcmthmughcascaUe~ 1.~inoh 
bladeswith a&LLerenldf'e edgepaallelto &let-flowdireotion. 
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(0) Pressure ratfo p.&'l, 0.42. 

Sigure 21. - Canoluded. &hliereaphotogra~ of'flmrthrough casoaadeof l&C-Inoh 
blades vlth sohlleren knife edge parallel to Inlet-flow dire&ion. 
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LOompreeslon 
shook wave, 9 

Prandtl- 
Meyer 
angle 

(deg) 
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2.1: 
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5.0 

Flow de- 
flaotion 
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(dog) 

Lo 

1::: 
-1.1 

i:: 

::: 
4.3 

- bpnaion WSLVO 
--- hp3nsion or oompreesion 

wave meaeursd from photagrsph 
---- Streamlinea 

Figure 2.3. - Diagram of flow oonditiona at exit of oasoada an evaluated from sohlisren photograph of figure 22 using method of oharaoteristios. 
1 Preaeura ratio, p /p’ = 0.42. 
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I I I I 
I I I 

“CCLClr v, essure 
I I I 

0 Measured 
----- Calculated by 

method of char- / 
acteristics 

G A 
.6 .4 .2 0 

Distance along suction surface 
from throat, in. 

. 

Figure 24. - Static-pressure distribution on 
suction surface area A, for condition shown in 
schl ieren photograph of figure 22. Pressure 
ratio, p4lp’i - 0.42. 
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(a) Schllerenkdfeedge pa;ralleltoftiCtireotlon 
in exit region; pawssure ratio p4/pflr 0.44. 

FQureW. - ph~hgrt~ph~ of flcrrrthrough =scaae of 0.60~Inoh blades. . 
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(b) Shadow6&=~; pressure ratio p4/p*~ 0.39. 

Figure 25. - conttiued. photogra@.~sd'fl~~~thmughcasca&eaf 0.6~lnahblarles. 
, 

. 
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(a) Schlieren lmife dge parallel to inlet-flow 
aireotion; peamare ratio p4/p'1, 0.21. 
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HQure 26. -Enlargement c& sohllerenphotogra~bfflovthroogbpassages d 0.60-inoh 
bladeswith sohlierenknife edgepsrallelto inlet-f'la~direotio~~ Presm~reratio 
P&J'l, 0.23. 
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Compression 
chock wave, 

EIpanaion wavee 
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Figure 2’7. - Diagram of flow conditions at exit of cascade evaluated from eohlferen photograph of figure 26 
using method of characteristice. Preseure ratio, p4/pi = 0.23. (See table 2 for flow conditione.) 
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